A model is presented for the scattering pattern of a dilute dispersion of particles having an irregular inner structure, made of two phases randomly distributed. For isotropic particles in a dispersant medium, the correlation function of the inner structure has, in the limit of small distances, the same exponential form as that for a two-phase system, provided that the characteristic length scale of the inner structure is small compared to the particle dimension. The scattering pattern of spherical particles is presented in a form suitable for analysis using the contrast-variation method. The crossterm, related to the orientation average of the scattering amplitude, is absent for a random inner structure. The heterogeneous part of the scattering curve is the same as for a randomly distributed two-phase structure. The sphere method is used to simulate the scattering behaviour of particles having an irregular inner structure and to demonstrate the validity of the proposed model.
Introduction
Small-angle scattering of neutrons (SANS), X-rays (SAXS) and light (SALS) are useful techniques for the structural analysis of colloidal particles. When describing a particle, one should first consider the overall properties: the average chemical composition, the shape of the particle envelope, its size and size distribution. Additional information is related to the inner structure: the number of phases, their volume fractions and the particle morphology. In most cases, the particle structure can be described by a function, connecting the local scattering density at any point within the particle to the coordinates of that point. This function can be used for either analytical or numerical calculation of the theoretical scattering curve. There is, however, a special class of particle heterogeneity, for which a description of a well defined function of the local scattering density is pointless. In these systems, which will be referred to as particles having an irregular inner structure, two or more phases are randomly distributed within a particle. Many practical systems can be described by this model, such as porous colloidal particles. In particular, polymer latex particles synthe-sized from a mixed monomer system can exhibit, in some cases, an inner phase-separated morphology described as a 'domain' morphology (Narkis et al., 1985; J6nsson et al., 1991) . Such an irregular inner morphology is difficult to study by microscopic techniques. A quantitative evaluation by scattering measurements requires a model for the scattering from colloidal particles having an irregular two-phase structure. Analysis of small-angle scattering data from inhomogeneous particles, containing small-scale fluctuations in electron density, has been presented recently by Svergun (1994) . This method, which can be used for the evaluation of scattering from two-component particles, applies a procedure of multipole expansion using spherical harmonics. The objective of our work is to present a relatively simple expression by which the characteristics of inhomogeneities within colloidal particles can be deduced from the scattering pattern. The methodology directly follows that of Debye et al. (1957) for an inhomogeneous bulk material.
Theory
The general definition of the correlation function y(r) is given by (Guinier & Fournet, 1955) 
v where p(r) is the local scattering density (i.e. electron density, coherent scattering length or refractive index in SAXS, SANS and SALS, respectively) at a position r, P~v is the average scattering density of the system and V is the irradiated volume. Heterogeneous particles having an irregular inner structure are considered here as particles composed of two phases with sharp boundaries separating them, which are randomly distributed within the particle. A dispersion of such particles in a continuous medium of constant scattering density can be represented as a three-phase system, on which a constraint of a specific particle shape is imposed. It has been shown (Goodisman & Brumberger, 1971; Wu, 1982) that for multiphase systems the integration of (1) can be written as
where P0(r) is the probability of finding the two ends of a vector r situated in phases i and j, respectively; p, and pj are the scattering densities of phases i and j, respectively.
In the following treatment, it is explicitly assumed that the dispersion is dilute enough so that the contribution of the interparticle distances can be neglected. Let phases 1 and 2 be the inner phases within the particle and the medium be phase 3. The average density of the system is thus the density of the medium: Pav "~ 193 • AS a consequence of this assumption, all terms involving in (2) will cancel out. Replacing the probabilities and the correlation function by their average over all possible orientations, for the case of an overall isotropic system, (2) is reduced to
where Apl = Pl -/93 and Ap2 = P2 --/93.
Consider the case where one end of a line of length r is situated within the particle. The probability that the other end is located also within the same particle is given by the characteristic function of the particle shape ~h(r). If the particle consists of more then one phase, a conditional probability, p~j(r), may be defined as the probability that a line having both ends within the particle has these ends situated in phases i and j, respectively. Therefore
where tp; is the volume fraction of phase i. This form 3 satisfies both the general condition )--~.j=lP~j(r) --tpi and the additional constraint of the particle shape, which is
In analogy to a two-phase system, the probability Pl~ is used to define the correlation function of the inner structure yi(r) as
where 99 is the volume fraction of phase '1' within the particle. Using definitions (4) and (6) and Pl2(r) = P21(r),
where V0 is the total volume of particles and Ap is the contrast, defined as
The central issue of this work is the inner particle structure, which is described by the correlation function of the inner structure yi(r). Debye et al. (1957) and Porod (1951) derived an exponential correlation function for a random two-phase structure. We apply the derivation of Debye et al. to the three-phase system described here as heterogeneous particles highly diluted in a dispersant medium. In the limit of small distances, the change in the conditional probability pll(r) upon an infinitesimal increase of dr in the length r can be written 
where S is the surface area between phases '1' and '2', and Sp is the surface area between phase 1 and the outer medium '3'. The assumption of small distances is inherent in (9) since changes in pii(r) due to the addition of dr to r are considered only for a single crossing of the interface. If the characteristic length scale of the inner structure is assumed to be small compared to the particle dimension, then S >> Sp and the last term in (9) can be neglected. Thus pll(r) and hence yi(r) will have the same form as for a two-phase system: yi(r) = exp(-r/be), where be is the characteristic length of the random structure. For N spherical particles of radius R, the characteristic function of the particle shape is given by (Guinier & Fournet, 1955) 3 r !{r'~ 3
and the volume by V0 = N(4yr/3)R 3. For yi(r) = exp(-r/be), substitution into (7) yields
4rrR3[1--3(r)+~6(r)3][Ap2 F(r) = -~--~ -~ + 99(1 -~o)
x (Pl --P2) 2 exp(-r/be)].
The scattering intensity (normalized to the scattering intensity of a single electron) can be evaluated using a Fourier transformation 2eR , ,sin(hr)
i(h) = N j ytr) hr 4rrr2 dr (12) 0
where h = 4rrsin0/,k is the scattering vector, 20 is the scattering angle and X is the radiation wavelength. The following solution is obtained
where cb(hR) is the shape factor of a spherical particle (Guinier & Fournet, 1955) sin(hR) -hR cos(hR)
and the two other functions are given by x (19) (1 + h2~2) 2 Equation (19) is suitable for analysis using the contrastvariation method (Stuhrmann & Kirste, 1965; Stuhrmann & Miller, 1978; Feigin & Svergun, 1987) . In this analysis the scattered intensity can bc split into three contrast-independent 'basic functions' (20) where the homogeneous part which is due to the particle shape is ih(h), the heterogeneous part due to the inner structure is ii(h) and iih(h) is the cross-term. It can be seen that in the case of a random inner structure the cross-term is absent. The cross-term is related to the orientation average of the scattering amplitude (Feigin & Svergun, 1987) , which is zero for a random structure. The heterogeneous part is the same as for a randomly distributed two-phase structure.
i(h, Ap) = (Ap)2ih(h) + (Ap)iih(h) + ii(h )

Test calculations
Test calculations were performed to demonstrate the scattering behaviour of particles having an irregular I° t inner structure and to check the validity of the proposed model. X-ray scattering curves and characteristic functions were computed for 50 spherical particles having a radius of 20 nm, using the sphere method (Glatter, 1980) . Each particle was approximated as an aggregate of 4224 spherical elements having 1.24 nm radius, arranged on a cubic lattice. Half of the elements (~p -0.5) were randomly chosen as having a density of Apl and the others as having a density of Ap2. The scattered intensity and the characteristic function were computed for each particle separately and the resulting curves were summed. Values of Pl = 340, P2 = 400 e nm -3 were used, representing, for example, a latex particle composed of polystyrene and poly(methacrylic acid).
Water and an aqueous solution containing 20, 29 (match point), 35 and 38 wt% sucrose were chosen as the dispersant medium. This corresponds to electron densities of P3 = 332.8, 358.5, 370.0, 377.7 and 381.5enm -3, respectively (Dingenouts & Ballauff, 1993) , i.e. Ap = 37.2, 11.5, 0, .5 e nm -3. For comparison, the simulated intensities (points) are plotted in Fig. 1 , together with those calculated by fitting (19). The characteristic length ~ was used as a fitting parameter and the curves shown as solid lines were obtained with the best fit using ~ = 0.55 nm. This value is comparable with the value of ~ = 0.6 nm calculated from the surface-to-volume ratio of the simulated particle (= 1/~ for q9 = 0.5). Note that the two curves having an equal absolute value of the contrast (20 and 38 wt% sucrose) coincide because of the absence of the crossterm. The characteristic functions for the simulated particles are shown in Fig. 2 in comparison with those calculated by (7) using Fi(r) = exp(-r/0.55).
As can be seen, in the lowest h range at the match point (29 wt% sucrose), the calculated curve deviates from the simulated one. In particular, (19) fails to predict a vanishing zero-angle intensity in the contrastmatched case. Deviations in this range are of course expected, since the present model was developed in the limit of small distances. In order to check further the validity of (19) for predicting the scattering from inhomogeneous particles at the match point, simulated and calculated patterns are compared in Fig. 3 . In this case, the test particle (R = 20 nm, ¢p = 0.5) was made up of 14328 spherical elements of radius 0.9 nm. Three different distributions of the 'dense' and 'light' elements were considered in order to obtain three different effective values for the characteristic distance ~: a random distribution of individual elements or clusters of four and eight elements. A good fit of (19) is demonstrated, at least for the range of validity of its derivation (h > 1/~).
Conclusions
In this paper, a new structural model describing colloidal particles having an irregular two-phase inner structure is presented. For highly diluted isotropic particles in a dispersant medium, the correlation function of the inner structure has, in the limit of small distances, the same exponential form as that for a two-phase system, provided that the characteristic length scale of the inner structure is small compared to the particle dimension. The scattering pattern of spherical particles is presented in a form suitable for analysis using the contrast-variation method. This model is appropriate for studies of two-phase latex particles prepared by emulsion copolymerization. Such studies are currently in progress.
